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ABSTRACT In plants, the patterning of stem cell-enriched meristems requires a graded auxin response maximum that 
emerges from the concerted action of polar auxin transport, auxin biosynthesis, auxin metabolism, and cellular auxin 
response machinery. However, mechanisms underlying this auxin response maximum-mediated root stem cell mainte-
nance are not fully understood. Here, we present unexpected evidence that WUSCHEL-RELATED HOMEOBOX 5 (WOX5) 
transcription factor modulates expression of auxin biosynthetic genes in the quiescent center (QC) of the root and thus 
provides a robust mechanism for the maintenance of auxin response maximum in the root tip. This WOX5 action is bal-
anced through the activity of indole-3-acetic acid 17 (IAA17) auxin response repressor. Our combined genetic, cell biol-
ogy, and computational modeling studies revealed a previously uncharacterized feedback loop linking WOX5-mediated 
auxin production to IAA17-dependent repression of auxin responses. This WOX5–IAA17 feedback circuit further assures 
the maintenance of auxin response maximum in the root tip and thereby contributes to the maintenance of distal stem 
cell (DSC) populations. Our experimental studies and in silico computer simulations both demonstrate that the WOX5–
IAA17 feedback circuit is essential for the maintenance of auxin gradient in the root tip and the auxin-mediated root DSC 
differentiation.
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Polar Auxin Transport Might Not Be Sufficient to 
Explain Auxin Accumulation in QC Cells
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QC-Localized Auxin Signaling Maximum Requires the 
Activity of IAA17 Auxin Response Repressor
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
4UFFQFYQPOFOUJBMBVYJOHSBEJFOUTXFSFPCTFSWFECFUXFFO2$DFMMTBOEDPMVNFMMBJOJUJBMT	DJO
JOASFGMVYMPPQNPEFM	CMBDL
CVUOPUJOUIFNPEFM
UIBUJOUFHSBUFTFYQFSJNFOUBM1*/MPDBMJ[BUJPOT	HSBZ

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Optimal, IAA17-Dependent Auxin Signaling in QC Is 
Required for Root Distal Stem Cell Maintenance
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WOX5 Modulates Free Auxin Production and Restricts 
Its Own Expression via IAA17-Dependent Feedback 
Regulation
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Figure 4. *"""DUT6QTUSFBNPG809%FQFOEFOU.PEVMBUJPOPG'SFF"VYJO1SPEVDUJPO
(A) WOX5::ERGFPTJHOBMWJTJCMFTPMFMZJOUIF2$DFMMTJOUIFXJMEUZQFQMBOUT
(B))JHIMZSFQSFTTFEWOX5::ERGFPTJHOBMTJOUIF35SVP16IAA17mImIINVUBOU
(C)&YQBOEFEWOX5::ERGFPTJHOBMTUPUIFFOEPEFSNJTDPSUFYJOJUJBMTJOUIFaxr3-1NVUBOU
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TPS	#SVOPVEFUøBM

8F IZQPUIFTJ[F UIBU BO BVYJO HSBEJFOU JO UIF SPPU UJQ
DPVME CF JOTUSVDUJWF GPS UIF QBUUFSOJOH PG SPPU%4$ OJDIFT
"MUIPVHI BO BEFRVBUF NPMFDVMBS NFDIBOJTN GPS UIF SPPU
%4$ QBUUFSOJOH SFNBJOT UP CF JOWFTUJHBUFEXF BUUFNQU UP
FQJUPNJ[FUIJTQSPDFTTCZOPOMJOFBSNBQQJOHCFUXFFOBVYJO
DPODFOUSBUJPOTBOEUIFMFWFMPG%4$EJGGFSFOUJBUJPO	TFFUIF
4VQQMFNFOUBM .FUIPET
 8JUI UIJT BTTVNQUJPO PVS NPEFM
TJNVMBUJPOT DPVME SFQSPEVDF UIF XJMEUZQFMJLF QBUUFSO PG
SPPU%4$EJGGFSFOUJBUJPO	'JHVSFø"
5IFTFNPEFMQSFEJDUJPOT
XFSFHFOFSBMMZSPCVTUGPSGMVDUVBUJPOTPGQBSBNFUFSTTVDIBT
BVYJO USBOTQPSU SBUFT 	4VQQMFNFOUBM 'JHVSFT %o'
 BVYJO
EFQFOEFOUIAA17USBOTDSJQUJPOBOE*""EFHSBEBUJPOSBUFT
	4VQQMFNFOUBM'JHVSFø
PS809EFQFOEFOUBVYJOQSPEVD
UJPOSBUFT	4VQQMFNFOUBM'JHVSFø

/FYUXFQFSGPSNFETJNVMBUJPOTPGwox5NVUBOUCZTFUUJOH
809USBOTDSJQUJPOSBUFUP	'JHVSFø#
/PUBCMZwox5TJNVMB
UJPOTQSFEJDUFEBMMGFBUVSFTPGUIFwox5NVUBOU	'JHVSFTBOE

JODMVEJOHUIFMBDLPGBVYJONBYJNVNJOUIF2$DFMMTMPXFS
PWFSBMMBVYJOMFWFMTBOEFOIBODFESPPU%4$EJGGFSFOUJBUJPOQBU
UFSOT	'JHVSFT', %BOE#
"øOFBSMZJEFOUJDBMQIFOPUZQFXBT
PCTFSWFE JO TJNVMBUJPOT PG 35S::VP16-IAA17mImII 	'JHVSFø #, 
$ BOE &
 UIBU BTTVNFE B TUSPOH"3'NFEJBUFE SFQSFTTJPO
PG809USBOTDSJQUJPO *OUFSFTUJOHMZUIFPQQPTJUFQIFOPUZQF
XBTPCTFSWFEJOUIFTJNVMBUFE*""HBJOPGGVODUJPONVUBOU
	axr3
UIBUIBEBMPXFSSBUFPGBVYJONFEJBUFEEFHSBEBUJPOPG
*""QSPUFJO5IFQSFEJDUFEaxr3-1QIFOPUZQFEJTQMBZTIJHIFS
PWFSBMMBVYJOMFWFMTDMFBSBVYJONBYJNVNJOUIF2$DFMMTCSPBE
EPNBJOPG809FYQSFTTJPOBOESFEVDFESPPU%4$EJGGFSFOUJB
UJPO	'JHVSFø", %BOE&
UIFSFGPSFSFBTTFNCMJOHPVSFYQFSJ
NFOUBMPCTFSWBUJPOT	'JHVSFT#, &, $BOE&

*ODPODMVTJPOPVSNPEFMQSFEJDUJPOTMBSHFMZBHSFFXJUIin 
plantaPCTFSWBUJPOTUIBU JODMVEFQSFEJDUJPOTPGBVYJOMFWFMT
UIFQSFTVNBCMFMPDBUJPOPGBVYJOSFTQPOTFNBYJNVN809
FYQSFTTJPOEPNBJOBOEQBUUFSOTPGSPPU%4$EJGGFSFOUJBUJPO
	'JHVSFTo
5IFSFGPSFCPUIFYQFSJNFOUBMEBUBBOEin silico 
DPNQVUFS TJNVMBUJPOT QPTUVMBUF UIF GFFECBDL NFDIBOJTN
MJOLJOH809 BOE *"" UIBU DPOUSPMT BO BVYJO HSBEJFOU
HVJEFEQBUUFSOJOHPGUIFSPPUUJQ
DISCUSSION
"VYJOHSBEJFOUTBSFDFOUSBMUPUIFSPCVTUEFWFMPQNFOUPGUIF
QSJNBSZSPPUJOArabidopsis	#FOLPWBFUøBM

1PMBS BVYJO USBOTQPSU IBT CFFO TVHHFTUFE BT BNJOJNBM
NFDIBOJTN UP BTTVSF UIF FTUBCMJTINFOU BOENBJOUFOBODF
PGBVYJONBYJNVNJOUIF2$PGUIFSPPU	(SJFOFJTFOFUøBM

 *O BEEJUJPO MPDBMJ[FE BVYJO QSPEVDUJPO BOE BVYJO
SFTQPOTFNBDIJOFSZ IBWFCFFOQPTUVMBUFE UP TJHOJGJDBOUMZ
DPOUSJCVUFUPUIJTQSPDFTT/FWFSUIFMFTTNPMFDVMBSNFDIB
OJTNT VOEFSMZJOH MPDBMJ[FE BVYJO QSPEVDUJPO BOE BVYJO
SFTQPOTFT EVSJOH UIF FTUBCMJTINFOU BOE NBJOUFOBODF
PG BVYJO SFTQPOTF NBYJNVN JO UIF 2$ DFMMT BSF MBSHFMZ
VODIBSBDUFSJ[FE
)FSFXFBEESFTTFEUIFTFJTTVFTCZVTJOHUIFDPNCJOBUJPO
PG FYQFSJNFOUBM BOE DPNQVUBUJPOBM NPEFMJOH BQQSPBDIFT
8FVTFE UIFDR5rev::GFP SFQPSUFS GPS UIF SFBEPVUPG MPDBM
BVYJO HSBEJFOU BDSPTT UIF SPPU UJQ 	'JHVSFø "
 0VS FYQFSJ
NFOUBM PCTFSWBUJPOT BOE NPEFM QSFEJDUJPOT BSF DPOTJTUFOU
XJUIPUIFS TUVEJFT VTJOH BO BMUFSOBUJWF BVYJO SFQPSUFS 	%**
7FOVT
	#BOEFUøBM; #SVOPVEFUøBM
0VSEBUBTVH
HFTUUIBU2$MPDBMJ[FEBVYJONBYJNVNUPHFUIFSXJUIHSBEFE
BVYJODPODFOUSBUJPOTJOEJTUBMDPMMVNFMMBDFMMTCFIJOEUIF2$
SFHJPO 	BMTPPCTFSWFEXJUI%**7FOVT SFQPSUFS
 	#BOEFUøBM
; #SVOPVE FUø BM 
 BSF SFRVJSFE UP NBJOUBJO SPPU
TUFN DFMM JEFOUJUJFT 8F EFNPOTUSBUFE UIBU BVYJO SFTQPOTF
NBYJNVN QSFGFSFOUJBMMZ MPDBMJ[FT UP UIF 2$ DFMMT BOE UIJT
QSPDFTT SFRVJSFT UIF *""EFQFOEFOU SFQSFTTJPO PG BVYJO
SFTQPOTFT $POTFRVFOUMZ UIFTF *""EFQFOEFOU BVYJO
SFTQPOTFTSFTUSJDUUIFFYQSFTTJPOEPNBJOPG809BOEUIFSF
GPSFNBJOUBJO UIF SPPU TUFNDFMM JEFOUJUZ 'JOBMMZXF GPVOE
UIBU809NPEVMBUFTGSFFBVYJOQSPEVDUJPOMPDBMMZJOUIF2$
DFOUFS GVSUIFS IFMQJOH UPNBJOUBJO UIFIJHI BVYJO DPOUFOU
PG2$DFMMT0VSTUVEJFTIJHIMJHIU809BOE*""NFEJBUFE
BVYJOSFTQPOTFTUIBUPQFSBUFJOBGFFECBDLEFQFOEFOUNBO
OFSUPSFHVMBUFUIFSPPU%4$EJGGFSFOUJBUJPO8FGPVOEUIBU
axr3-1EJTQMBZFEFOIBODFEBVYJOSFTQPOTFJO2$BOESFEVDFE
BVYJOSFTQPOTFJOBEKBDFOUDPMVNFMMBDFMMTUIBUSFTVMUFEJOUP
UIFTUSPOHJOIJCJUJPOPGSPPU%4$EJGGFSFOUJBUJPO*ODPOUSBTU
(D, E)%FDSFBTFEGSFF*""MFWFMTJOUIFwox5NVUBOU	%
BOE35SVP16IAA17mImIINVUBOUBOETJHOJGJDBOUMZJODSFBTFE*""MFWFMTPGaxr3-1NVUBOUø	&

(F)*ODSFBTFJOUIFGSFF*""MFWFMJO35S::WOX5-GRTFFEMJOHTHSPXOPONFEJVNXJUIøw.%&9JOEVDUJPOT
(G)-POHUFSNJOEVDUJPOPG809	TFFEMJOHTHSPXOPONFEJVNXJUIøw.%&9
JOEVDFE:6$FYQSFTTJPOMFWFMUIBUXBTOPUBCTFOUVOEFSTIPSU
UFSNJOEVDUJPOPG809	EBZPMETFFEMJOHTUSFBUFEXJUIøw.%&9GPSPSøI

(H)*ODSFBTFEFYQSFTTJPOPG5""8&*HFOFJOaxr3-1NVUBOUBOETMJHIUMZEFDSFBTFEFYQSFTTJPOPG5""8&*JO35SVP16IAA17mImIINVUBOU
DPNQBSFEUPUIFDPOUSPM
5VCVMJO JT UIFSFMBUJWFDPOUSPM GPS21$3BOBMZTJT&SSPSCBSTNBSLTUBOEBSEFSSPST GSPNGPVS JOEFQFOEFOUCJPMPHJDBM SFQFBUT 	4UVEFOUT tUFTU
* PøøøPøø

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BDUJWBUFEWFSTJPOPG*""JO2$DFMMTMFEUPUIFIJHIMZQSP
NPUFE BVYJO SFTQPOTFT JO 2$ BOE TVCTFRVFOUMZ FOIBODFE
EJGGFSFOUJBUJPOPGSPPUTUFNDFMMT"EEJUJPOBMMZPVSJOWFTUJHB
UJPOT JOEJDBUFUIBUBNBYJNVNPGBVYJOTJHOBMJOHSFTQPOTFT
JO2$JTOPUTVGGJDJFOUUPNBJOUBJOTUFNDFMMJEFOUJUJFTJUBMTP
SFRVJSFTUIFSFEVDUJPOPGBVYJOSFTQPOTFTPGBEKBDFOUDPMVN
VMMBSDFMMT0VSEBUBJOEJDBUFUIFQPTTJCJMJUZGPSBVYJOSFTQPOTF
HSBEJFOUJOUIFSPPUUJQUIBUXPVMENPEVMBUFUIFQBUUFSOJOH
PGSPPU%4$JEFOUJUZ
'JOBMMZXFEFTJHOFEUIFDPNQVUFSNPEFMPGUIJTQSPQPTFE
GFFECBDL MPPQ UIBU XBT DBQBCMF PG GBJUIGVMMZ SFQSPEVDJOH
FYQFSJNFOUBMPCTFSWBUJPOTJODMVEJOHQSFEJDUJPOTPGBVYJOMFW
FMTBVYJOEJTUSJCVUJPOTBOE809FYQSFTTJPOBOESPPU%4$
EJGGFSFOUJBUJPOQBUUFSOT5IJTTJNQMJGJFENPEFMUIBUDBQUVSFT
UIF FTTFOUJBM GFBUVSFT PG UIF GFFECBDL SFHVMBUJPO CFUXFFO
809BOE*""XBTDBQBCMFPGQSFEJDUJOHBVYJOTJHOBMJOH
NBYJNVN BOE SPPU %4$ EJGGFSFOUJBUJPO QIFOPUZQFT XIJDI
XFSFPCTFSWFEFYQFSJNFOUBMMZ
WOX5IBTCFFOTIPXOUPVOEFSHPUSBOTDSJQUJPOBMSFQSFT
TJPOCZ UIF$-&"$3TJHOBMJOHDBTDBEFEFSJWFE GSPNUIF
DPMVNFMMBDFMMT	%F4NFUFUøBM; 4UBIMBOE4JNPO, 

 5IFSFGPSF JUXJMMCF JOUFSFTUJOH UP TFFIPX UIJT BOE
BTZFUVOJEFOUJGJFEMBZFSTPGSFHVMBUJPODPVMECFGVSUIFSJOUF
HSBUFEJOUPPVSNPEFMBOEIPXUIJTXPVMEJNQBDUPONPEFM
QSFEJDUJPOTBOEVMUJNBUFMZPOPVSVOEFSTUBOEJOHPGSPPUQBU
UFSOJOHQSPDFTTFT"MTP GVUVSF UFTUJOHPG UIFQPTTJCJMJUZ GPS
UIF JOWPMWFNFOU PG PUIFS"69*""QSPUFJOT BOE BTTPDJBUFE
"3' USBOTDSJQUJPO GBDUPST JO UIF QSPQPTFE GFFECBDL SFHVMB
UJPOXPVMETVCTUBOUJBMMZFYUFOEPVSVOEFSTUBOEJOHPGNFDIB
OJTNTVOEFSMZJOHSPPUTUFNDFMMQBUUFSOJOH
5P DPODMVEF PVS DPNCJOFE FYQFSJNFOUBM BOE NPEFMJOH
TUVEZTVHHFTUTUIFVOFYQFDUFEGFFECBDLMPPQUIBUNFDIBOJT
UJDBMMZ MJOL809EFQFOEFOU BVYJOQSPEVDUJPO QPMBS BVYJO
USBOTQPSU BOE *""EFQFOEFOU DFMMVMBS BVYJO SFTQPOTF
UP GBDJMJUBUF UIF BVYJONBYJNVNHVJEFEQBUUFSOJOHPG SPPU
%4$OJDIFT*USFNBJOTUPCFUFTUFEXIFUIFSBTJNJMBSNFDIB
OJTN DPVME CF JOWPMWFE JO UIF BVYJOEFQFOEFOU QBUUFSOJOH
PGTIPPUTTJODF809CFMPOHTUPUIFGVODUJPOBMMZDPOTFSWFE
GBNJMZPGNBKPSQMBOUTUFNDFMMSFHVMBUPST
METHODS
Plant Materials and Growth Conditions
1VCMJTIFE USBOTHFOJD BOE NVUBOU MJOFT XFSF wox5-1, 
35S::WOX5-GR	4BSLBSFUøBM
WOX5::ERGFP	9VFUøBM

 DR5rev::GFP 	'SJNM FUø BM 
 axr3-1 	NJNJDLJOH
*""SFQSFTTPS
	4BCBUJOJFUøBM
35SVP16IAA17mImII 
	SFQSFTFOUJOH*""BDUJWBUPS
	-JFUøBM
PIN3::PIN3::GFP 
	%FMMP *PJP FUø BM 
 5IF wox5 axr3 EPVCMF NVUBOU
XBT HFOFSBUFE CZ DSPTTJOH wox5-1 XJUI axr3-1; DR5::GUS 
35S::WOX5-GRCZDSPTTJOHDR5::GUSXJUI35S::WOX5-GRBOE
DR5rev::GFP/wox5BOEDR5rev::GFP35SVP16IAA17mImIICZ
DSPTTJOHDR5rev::GFPXJUIwox5-1 or 35SVP16IAA17mImII, 
SFTQFDUJWFMZ 5IF CQ VQTUSFBN SFHJPO GSPN UIF *""
TUBSU DPEPOXBT BNQMJGJFE BOE MJOLFE UP UIF(64 SFQPSUFE
JOHBUFXBZWFDUPS1,(8'4	,BSJNJFUøBM
UPPCUBJO
*""1SPNPUFS(64 SFQPSUFS DPOTUSVDU 5IF WOX5HA
IAA17mImII 	SFQSFTFOUJOH *"" SFQSFTTPS
 MJOFXBT HFOFS
BUFECZ SFQMBDJOH UIF4QSPNPUFSPG35S:HAIAA17mImII 
	-JFUøBM
XJUIUIFCQVQTUSFBNSFHJPOGSPNUIF
809TUBSUDPEPO4FFETXFSFTVSGBDFTUFSJMJ[FEXJUIDIMPSJOF
HBTBOEJODVCBUFEGPSEBGUFSCFJOHQMBUFEPOUP.VSBTIJHF
BOE4LPPH	.4
NFEJVNCFGPSFUSBOTGFS UPBHSPXUISPPN
XJUIBIEBZIOJHIUSFHJNFBU¡$GPSøE
Phenotype Analysis
4UBSDIHSBOVMFT JO SPPU UJQTXFSF TUBJOFEXJUI-VHPMT TPMV
UJPO GPS oNJO NPVOUFE POUP UIF TMJEFT XJUI DIMPSBM
IZESBUF BOE DIFDLFE JNNFEJBUFMZ )JTUPDIFNJDBM BOBMZTJT
PG˟HMVDVSPOJEBTF	(64
BDUJWJUZXBTDBSSJFEPVUCZJODVCB
UJPOPGTFFEMJOHSPPUTJO(64TUBJOJOHTPMVUJPO	ø./B10 
CVGGFS 	Q)ø 
 N. ,'F	$/
 N. ,'F	$/
 N.
9HMVDVSPOJEF
BU¡$VOUJMUIFCMVFTUBJOJOHXBTWJTJCMFGPM
MPXFECZUXPXBTIFTJOEJTUJMMFEXBUFSBOENPVOUJOHJO
	XW
DIMPSBMIZESBUFBOE	WW
HMZDFSPM GPSNJDSPTDPQZ
*NBHFBDRVJTJUJPOXBTDBSSJFEPVUXJUIBO"YJPDBN)3DBNFSB
BUUBDIFEUPBO0MZNQVTNJDSPTDPQF'PSDPOGPDBMNJDSPTDPQZ
JNBHFTB;FJTT-4.PS0MZNQVT'7"48DPOGPDBMTDBO
OJOHNJDSPTDPQFXBTVTFE$FMMXBMMTXFSFDPVOUFSTUBJOFECZ
NPVOUJOHTFFEMJOHSPPUTJOø˩.QSPQJEJVNJPEJEF
Immunodetections
5IF BOUJCPEJFT XFSF EJMVUFE BT GPMMPXT SBCCJU BOUJ1*/
	
 SBCCJU BOUJ1*/ 	 HFOFSPVTMZ QSPWJEFE CZ
$ø-VTDIOJH
BOE$ZDPOKVHBUFETFDPOEBSZBOUJNPVTF
	%JBOPWBBOE4JHNB

Free IAA Measurements
'PSGSFF*""DPOUFOUTBOBMZTJTBQQSPYJNBUFMZSPPUTPGSFTQFD
UJWF HFOPUZQFT XFSF QPPMFE BOE BOBMZ[FE JO RVBESVQMJDBUFT
BTEFTDSJCFEFBSMJFS	1FODJLFUøBM
PSJUXBTRVBOUJGJFEBT
EFTDSJCFE 	1PMMNBOO FUø BM 
 'PS UIF FYUSBDUJPO PG QMBOU
NFUBCPMJUFT UISFF TBNQMFT 	SFQMJDBUFT
 PG FBDI XFSF JODV
CBUFEBU¡$VOEFSDPOTUBOUTIBLJOHPWFSIJONMNFUIBOPM
Figure 5. 4DIFNBUJDTPG809o*""'FFECBDL.FDIBOJTN
#MBDL BSSPXT EFQJDU QPTJUJWF SFHVMBUJPO BOE EBTIFE BSSPXT JOEJDBUF
SFQSFTTJPONFDIBOJTN(SFFL MFUUFSTDPSSFTQPOEUPTVCTFRVFOUDPN
QVUFSNPEFMBTTVNQUJPOTQSFTFOUFEJOUIFNBJOUFYU
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Figure 6. $PNQVUFS.PEFM*OUFHSBUFT809o*""'FFECBDL.FDIBOJTNTUP1SFEJDUUIF1BUUFSOJOHPGUIF3PPUø5JQ
(A–D)$PNQBUJCMFin silicoXJMEUZQFTJNVMBUJPOTPGUIFAGMVYTFQBSBUJPONPEFM	'JHVSFø#
UIBUJOUFHSBUFTUIF809o*""GFFECBDLMPPQ	"
BOE
UIFDPNQVUFSTJNVMBUJPOTPGUIFin silico wox5NVUBOU	#
MPTTPG*""GVODUJPO	35SVP16IAA17mImII
	$
BOEHBJOPG*""GVODUJPO	axr3-1

	%
NVUBOUTUPFYQFSJNFOUBMPCTFSWBUJPOT	'JHVSFø"o%
"VYJODPODFOUSBUJPOTBSFJOHSFFOBOEUIFSFMBUJWF809FYQSFTTJPOJOSFE5IFQSF
EJDUFE809BDUJWJUJFTBOESFTVMUJOHTUFNDFMMMBZFST	EFQJDUFECZZFMMPXUSJBOHMFTCFMPXUIF2$
DPSSFTQPOEUPUIPTFPCTFSWFEFYQFSJNFOUBMMZ
	'JHVSFø$o&

(E)4UFBEZTUBUFBVYJODPODFOUSBUJPOQSPGJMFTBMPOHMPOHJUVEJOBMTFDUJPOTUISPVHIUIFWBTDVMBSBOEDPMVNFMMBUJTTVFTGPSXJMEUZQFBOENVUBOU
TJNVMBUJPOT 	EJTUBODF GSPNSPPU UJQ JOwN
 4UFFQFYQPOFOUJBMBVYJOHSBEJFOUTXFSFPCTFSWFECFUXFFO2$DFMMTBOE DPMVNFMMB JOJUJBMT 	DJO
 JO
XJMEUZQF	CMBDLBSSPXIFBE
BOEaxr3-1	QVSQMFHSFFOBSSPX
TJNVMBUJPOTBOEXFSFMBSHFMZBCTFOUJOUIFTJNVMBUJPOTPGwox5	CMVFBSSPX
BOE
35SVP16IAA17mImII	PSBOHFBSSPX
NVUBOUTTJNJMBSMZUPUIPTFJOFYQFSJNFOUBMNFBTVSFNFOUT	'JHVSFø
$PMPSDPEJOHJTGPSUIFSFMBUJWFBVYJO
DPODFOUSBUJPOT	HSFFO
BOESFMBUJWF809FYQSFTTJPO	SFE
$PMPSTPGBSSPXTDPSSFTQPOEUPUIFBVYJOHSBEJFOUQSPGJMFT
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TVQQMFNFOUFE XJUI ø QNPM PG <H]*"" 	JOUFSOBM TUBOEBSE

4VQFSOBUBOUT BOE SFTJEVBM QMBOU NBUFSJBM XFSF TFQBSBUFE CZ
DFOUSJGVHBUJPOBOE UIF DFMMGSFFFYUSBDUTESJFEVOEFS WBDVVN
3FTJEVFT XFSF EJTTPMWFE JO ø wM NFUIBOPM UP XIJDI ø wl 
EJFUIZM FUIFS XBT BEEFE *G OFDFTTBSZ EJTTPMWJOH XBT GPSDFE
CZ VMUSBTPOJD USFBUNFOU 	4POPSFY 3,4 #BOEFMJO #FSMJO
(FSNBOZ
 1BSUJDMFGSFF TBNQMFT XFSF MPBEFE POUP B DVTUPN
NBEFNJDSPTDBMFBNJOPQSPQZMTPMJEQIBTFFYUSBDUJPODBSUSJEHF
$PMVNOTXFSFXBTIFEXJUIøwMPG$)$MQSPQBOPM	WW

BOE*""DPOUBJOJOHGSBDUJPOTFMVUFEXJUIøwMBDJEJGJFEEJFUIZM
FUIFS	BDFUJDBDJE	WW

&MVBUFTXFSFESJFESFEJTTPMWFEJO
øwMNFUIBOPMBOEGJOBMMZEFSJWBUJ[FECZUSFBUNFOUXJUIøwl 
FUIFSFBM EJB[PNFUIBOF 5IFSFBGUFS TBNQMFTXFSF USBOTGFSSFE
JOUPBVUPTBNQMFSWJBMTESJFEVOEFSBHFOUMFTUSFBNPGOJUSPHFO
BOEUBLFOVQJOøwMPGDIMPSPGPSN'PS*""RVBOUJGJDBUJPOøwl 
PGUIFNFUIZMBUFETBNQMFTXBTJOKFDUFEJOUPUIF($o.4TZTUFN
5IF TQFDUSBXFSF SFDPSEFE PO B 7BSJBO 4BUVSO  JPOUSBQ
NBTTTQFDUSPNFUFSDPVQMFEXJUIB7BSJBO$1HBTDISPNB
UPHSBQI 	7BSJBO 8BMOVU $SFFL $" 64"
 $PNQPVOET XFSF
TFQBSBUFECZDISPNBUPHSBQIZPOB;#GVTFETJMJDBDBQJMMBSZ
DPMVNO	1IFOPNFOFY5PSSFODF$"64"
5IFNBTTTQFDUSPNF
UFSXBTVTFEJO$*.3.QPTJUJWFJPOEFUFDUJPONPEFXJUINFUI
BOPMBTUIFSFBDUBOUHBT5IFTFUUJOHGPSFOEPHFOPVT*""XBTBT
GPMMPXTm/zøø<.)>BOEø7*OBTFDPOEDIBOOFMXJUI
UIFTBNFFYDJUBUJPOBNQMJUVEFUIF<H]*""TUBOEBSEXBTBOB
MZ[FEBOEUIFTFUUJOHGPSUIFQBSFOUJPOXBTm/zøø<.)>
5IFBNPVOUPGFOEPHFOPVT*""JOUIFTBNQMFTXBTDBMDVMBUFE
GSPNUIFTJHOBMSBUJPPGUIFVOMBCFMFEPWFSUIFTUBCMFJTPUPQF
MBCFMFENBTTGSBHNFOUPCTFSWFEJOUIFUXPBOBMZ[FEDIBOOFMT
Quantitative PCR Analysis
3/"XBTFYUSBDUFEXJUIUIF3/FBTZLJU	2JBHFO
1PMZ	E5
D%/"
XBTQSFQBSFEGSPNUPUBM3/"PGEBZPMETFFEMJOHT4VQFSTDSJQU
*** SFWFSTF USBOTDSJQUJPO 	*OWJUSPHFO
 BOE RVBOUJGJDBUJPO XFSF
QFSGPSNFEPOB-JHIU$ZDMFSBQQBSBUVT	3PDIF%JBHOPTUJDT

XJUIUIF4:#3(SFFO*ø.BTUFSLJU 	3PDIF%JBHOPTUJDT
BDDPSE
JOHUPUIFNBOVGBDUVSFSTJOTUSVDUJPOT"MMJOEJWJEVBMSFBDUJPOT
XFSFQFSGPSNFEJOUSJQMJDBUF%BUBXFSFBOBMZ[FEXJUIR#BTF
	)FMMFNBOTFUøBM
&YQSFTTJPOMFWFMTXFSFOPSNBMJ[FEUP
UIPTFPG56#6-*/XIJDITIPXFEOPDMFBSTZTUFNBUJDDIBOHFT
JO$UWBMVF5IFQSJNFSTVTFEUPRVBOUJGZHFOFFYQSFTTJPOMFWFMT
BSFEFTDSJCFEJO4VQQMFNFOUBM5BCMFTBOE
GUS Staining
)JTUPDIFNJDBM˟HMVDVSPOJEBTF	(64
TUBJOJOHXBTQFSGPSNFE
BTEFTDSJCFE 	'SJNM FUø BM 
PWFSOJHIU BU SPPN UFNQFS
BUVSF 4FFEMJOHT NPVOUFE JO DIMPSBM IZESBUF 	'MVLB
 XFSF
BOBMZ[FEXJUIBOBVUPNBUJDWJSUVBMTMJEFTDBOOFSNJDSPTDPQF
GSBNF	EPU4MJEF#9NJDSPTDPQF0MZNQVT

Computational Methods
5IFDFMMVMBSHSJEUJTTVFUFNQMBUFGPSUIFNPEFMXBTDSFBUFE
XJUI UIF WFSTJPO PG 77 	7FSUFY7FSUFY
 QSPHSBNNJOH MBO
HVBHF	4NJUIFUøBM
5IFTJNVMBUJPOTXFSFQFSGPSNFE
CZ OVNFSJDBM DPNQVUBUJPOT PG DPVQMFE 0%& TZTUFNT XJUI
BO BEBQUJWFTJ[F GJGUIPSEFS 3VOHF,VUUB NFUIPE "MM GJH
VSFTXFSFQSPDFTTFEJO"EPCF*MMVTUSBUPS'JHVSFTBOE are 
TDSFFOTIPUT GSPNNPEFM TJNVMBUJPOT.PEFMQBSBNFUFST BSF
EFTDSJCFEJO4VQQMFNFOUBM5BCMFø
SUPPLEMENTARY DATA
4VQQMFNFOUBSZ%BUBBSFBWBJMBCMFBUMolecular Plant Online.
FUNDING
5IJT XPSL XBT TVQQPSUFE CZ GVOEJOH GSPN UIF /BUJPOBM
/BUVSBM4DJFODF'PVOEBUJPOPG$IJOB	/PBOE/P

UIFA2JMV4DIPMBSTIJQGSPN4IBOEPOH6OJWFSTJUZPG
$IJOBBOEGSPNUIF.JOJTUSZPG&EVDBUJPO	

BOE AUBMFOUT 1MBO GSPN $IJOB GPS ZPVOH SFTFBSDIFST
	
UP;%UIFQSPKFDUT$;
BOE $; 	UP $&*5&$ $FOUSBM &VSPQFBO
*OTUJUVUF PG 5FDIOPMPHZ
 BOE UIF 0EZTTFVT QSPHSBN PG UIF
3FTFBSDI 'PVOEBUJPO'MBOEFST UP +' :PVUI BOE 4QPSUT PG
UIF $[FDI 3FQVCMJD 	.4.
 BOE UIF "DBEFNZ
PG 4DJFODFT PG UIF $[FDI 3FQVCMJD 	,"/
 UP +3
UIF (FSNBO 4DJFODF 'PVOEBUJPO 	%'(4'#"
 UP 41
UIF 4XJTT /BUJPOBM 4DJFODF 'PVOEBUJPO 	(SBOU /P "

GSPN3FTFBSDI'PVOEBUJPO'MBOEFSTUP47	'80
1%0
BOE'PSTDIVOHTQPPMPGUIF6OJWFSTJUZPG'SJCPVSH
UP.(
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